University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Theses, Dissertations, and Student Research in
Agronomy and Horticulture

Agronomy and Horticulture Department

4-2018

Exploration of Soybean Nodule Microbiome for
Plant Health Management
Serkan Tokgöz
University of Nebraska-Lincoln

Follow this and additional works at: https://digitalcommons.unl.edu/agronhortdiss
Part of the Plant Pathology Commons
Tokgöz, Serkan, "Exploration of Soybean Nodule Microbiome for Plant Health Management" (2018). Theses, Dissertations, and Student
Research in Agronomy and Horticulture. 139.
https://digitalcommons.unl.edu/agronhortdiss/139

This Article is brought to you for free and open access by the Agronomy and Horticulture Department at DigitalCommons@University of Nebraska Lincoln. It has been accepted for inclusion in Theses, Dissertations, and Student Research in Agronomy and Horticulture by an authorized
administrator of DigitalCommons@University of Nebraska - Lincoln.

EXPLORATION OF SOYBEAN NODULE MICROBIOME FOR PLANT
HEALTH MANAGEMENT

by

Serkan Tokgöz

A THESIS

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfillment of Requirements

For the Degree of Master of Science
Major: Agronomy

Under the Supervision of Professor Amitava Mitra

Lincoln, Nebraska

April, 2018

EXPLORATION OF SOYBEAN NODULE MICROBIOME FOR PLANT
HEALTH MANAGEMENT

Serkan Tokgöz, M.S.
University of Nebraska, 2018
Advisor: Amitava Mitra

Root nodule is a unique environment formed in the legume roots through a highly
specific symbiotic relationship between leguminous plants and nodule inducing bacteria.
Over the years, Rhizobia have been thought as the only group of bacteria residing within
the nodules. However, this consideration has been recently changed with the discovery of
other groups of bacteria besides Rhizobia within the legume nodules. In an effort to
identify beneficial bacteria for plant disease control and growth promotion, soybean
nodules were studied as the source of nodule-associated bacteria. Metagenomics analysis
of a single soybean nodule was conducted to determine the bacterial diversity of nodule
microbiome. Surface sterilized single soybean nodule was used to isolate noduleassociated bacterial species. Fifty colonies were isolated from each nodule. A total of 500
colonies were tested individually against Clavibacter michiganensis subsp. michiganensis
on solid media plates for inhibition of pathogen growth. From the initial screening, 54
colonies were selected based on significant growth inhibition of the pathogen. These
colonies were further tested in vitro on two additional bacterial and two fungal pathogens
on solid plates. In planta testing involved using 15 selected colonies from these 54 as

inocula in tomato seedlings against Clavibacter michiganensis subsp. michiganensis.
Tomato plants were infected using a soil inoculation method. In addition, one isolate
from the selected 54 was tested in tomato seedlings against a Green Fluorescent Protein
(GFP)-tagged Pseudomonas syringae pv tomato (Pst) by using stem inoculation method
for the infection of tomato plants. Bacterial metabolites were extracted from 15 colonies
with ethanol and tested against two bacterial pathogens on solid plates. These 15 colonies
were identified by using MALDI-TOF mass spectrometry and 16S rRNA gene
sequencing. Results reveal that many soybean nodule associated bacteria strongly inhibit
the growth of plant pathogens in in vitro assays. In addition, a number of noduleassociated bacteria exhibit plant protection against the bacterial pathogen Clavibacter
michiganensis subsp. michiganensis as well as the capability of plant growth promotion
on tomato plants in in vivo assays. Pseudomonas spp. is the dominant bacterial group as
nodule-associated bacteria within the soybean nodule. Isolation and identification of
beneficial nodule-associated bacteria establish the foundation to study nodule-associated
bacteria for their plant protection and growth promotion potential.
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INTRODUCTION
Rhizosphere
The rhizosphere is a narrow zone of soil encompassing plant roots and rich
organic compounds that have a direct influence on plant growth and performance
(Philippot et al., 2013). The rhizosphere can further be divided into three distinct zones
including the endorhizosphere, root tissue with the endodermis and cortical layers, where
microorganisms along with the cations can be engaged in the apoplastic space; the
rhizoplane that is the root surface with the epidermis and mucilaginous polysaccharide
and the ectorhizosphere that extends from the rhizoplane to the outer bulk soil (Morgan et
al., 2005). In compa rison to bulk soil it is a nutrient rich habitat due to a wide range of
secreted low molecular weight compounds such as amino acids, sugars, phenolics,
secondary metabolites, and organic acids and high molecular weight compounds such as
proteins and complex carbohydrates by plant roots into the rhizospheric region
(Dobbelaere et al., 2003). There are a number of passive and active mechanisms utilized
by plants to release root exudates into the surrounding soil (Weston et al., 2012). Most of
the low molecular weight compounds are exported via passive mechanisms from plant
roots to the rhizosphere while active mechanisms are exploited to transport high
molecular weight compounds. During diffusion, small polar and uncharged molecules are
exuded via a passive diffusion process which is highly dependent on membrane
permeability, cytosolic pH and polarity of transferred compounds (Badri & Vivanco,
2009). However, high molecular weight compounds, depending on the electrochemical
gradient of their anions, are secreted with the help of several membrane-bound
transporter proteins involving several transport systems such as the ABC family (ATP-
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binding cassette), MATE family (multidrug and toxic compound extrusion), MSF
superfamily (the major facilitator superfamily) and the ALMT family (aluminum-activate
malate transporter) (Weston et al., 2012). It has been demonstrated that 5% - 21% of
photosynthetically synthesized components such as proteins, sugars, and secondary
metabolites are delivered by plant roots into surrounding soil (Bais et al., 2006). A
myriad of microorganisms are chemotactically attracted by root-derived exudates and
promoted to move in the direction of the carbon-rich reservoir (Bakker et al., 2013). The
population of microorganisms in the rhizosphere is mostly 10-100 times higher than bulk
soil as a consequence of nutrient abundance and variation derived from plant roots
(Beneduzi et al., 2012). The composition and concentration of nutrients in the
rhizosphere are closely related to environmental factors. Plants alter the quality and
quantity of root exudates excreted into the rhizosphere in response to changes in
environmental factors to prevent adverse effects and induce beneficial interplays in the
root-soil interface (Badri & Vivanco, 2009). These factors can be grouped as biotic
factors involving plant species and genotype, plant developmental stage, root system and
branching, the existence of microbe and abiotic factors involving pH, temperature, light
and soil characteristics (Huang et al., 2014). Plant species and genotype are significant
considerations determining the amount and variety of composition of root exudates. The
root exudation patterns are varied between different plant species meaning that different
plant species secrete diverse group of root exudates.(Steinauer et al., 2016). Similarly,
there are variations in the quality and quantity of secreted organic compounds among
even genotypes of the same plant species. Previous research has documented that the
Arabidopsis thaliana ecotypes, Col-0 and Ler, show variation in the amount of malate
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existing in their root exudates.(Hoekenga et al., 2003). More differences are observed if
there is a long distance between plant species on the phylogenetic tree (Fletcher &
Hegde, 1995). Exudation rate is also related to growth stage. Root exudates are produced
on a limited scale at the seedling stage, production progressively increases up to
flowering, and then declines at maturity (Badri & Vivanco, 2009). Interestingly,
secretomes contain a higher amount of defense-related proteins such as glucanases,
chitinases, and myronisases during the flowering stage (de-la-Peña et al., 2010). Root
system and branching play a primary role in the exudation process since roots serve as a
surface where the exudation process occurs. Root hairs, an extended form of single
epidermal root cells, and root cells in the cap are the main two parts of the plant roots
employed as secretors of exudates into the soil as well as anchoring and water-nutrient
uptake although the secretion of phytochemicals can take place in other parts of plant
roots (Alberola et al., 2008). It has also been documented that different parts of plant
roots deliver a different type of phytochemicals (Mathesius et al., 2000). For example,
asparagine and threonine are delivered from meristem and root elongation sites, glutamic
acid, valine, leucine, and phenylalanine are delivered from root hairs while aspartic acid
is delivered from the whole roots (Haichar et al., 2014). The composition of root exudates
is also modified by the rhizosphere microbiome (Doornbos et al., 2012). Kamilova et al.
(2006) showed that the amount of citric acid increased nearly 50% in the presence of the
bacterial biocontrol strain Pseudomonas fluorences WCS365 on tomato roots whereas a
fivefold reduction was observed in the production of succinic acid (Kamilova et al.,
2006). On the contrary, the level of citric acid decreased roughly 60% in the presence of
plant pathogenic fungus Fusarium oxysporum f. sp. radicis-lycopersici, whereas two- to
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threefold increment was observed in the level of the succinic acid (Kamilova et al.,
2006). Temperature is one of the major abiotic factors causing chemical and physical
changes in the rhizosphere architecture. Root growth is positively correlated with the soil
temperature. Root growth rate of loblolly pine seedlings regularly scaled up from 5°C to
maximum at 25°C then scale down at higher temperatures (Barney et al., 1951).
Temperature not only influences root growth also affects exudation process. The amount
of excreted tannins and phenolic compounds were considerably increased in Vicia faba at
30°C in comparison to 4°C (Badri & Vivanco, 2009). Similarly, light has a profound
impact on root development and phytochemical exudation. Plants exposed to high light
intensity exhibit higher growth rate of root comparing with the plants under the low light
intensity (Haig, 1936). Hughes et al., (1999) postulated that root exudates of Almus
glutinose (L) contained high amounts of flavonoids under light conditions (Hughes et al.,
1999). Another important abiotic factor is the pH level of rhizosphere because nutrient
availability in the rhizosphere is closely associated with pH levels. Plants release H+ and
OH− ions into the surrounding soil to keep the pH level in balance. For example, legumes
that are highly dependent on atmospheric N2 release excessive amount of H+ ions when
more cations are available to absorb from the environment. In addition, soil
characteristics such as soil moisture and existence of minerals are other environmental
factors playing a primary role with respect to exudation of C rich component into the
rhizosphere. High level of soil moisture results in shortage of available oxygen in the soil,
causing hypoxia. Hypoxia induces respiratory changeover from aerobic to anaerobic,
ending up with alanine, lactic acid and ethanol accumulation at phytotoxic levels (Badri
& Vivanco, 2009). Plants remove these accumulated metabolites by releasing from their
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roots to the immediate soil environment to avoid their toxicity (Xia & Roberts, 1994).
The limitation and abundance of certain minerals and toxic metals in the soil give rise to
alteration in the architecture of root exudates. Previous studies illustrated that organic
acids such as malic, citric and oxalic acids are released by plant roots to block the
detrimental effect of aluminum. The exudation of these organic acids is intimately
connected with the aluminum stress and plant species (Wang et al., 2006). Phosphorous
deficiency leads to incremental increase in the secretion of phenolic compounds in
particular tree and legume species (Khorassani et al., 2011), while nitrogen deficiency
causes enhancement in the secretion of flavanones and flavones (Schultze & Kondorosi,
1998). In addition, mineral deficiencies promote the endogenous production of elicitors
effecting root exudation. For example, jasmonic acid-mediated defense responses are
highly increased under potassium deficient conditions (Schachtman & Shin, 2007).
Rhizosphere Interactions
The rhizosphere is also regarded as one of the most dynamic and complex
interfaces in the world due to numerous interactions present within organisms residing in
the rhizosphere (Philippot et al., 2013). Interactions can be classified as plant-plant, plantmicrobe, plant-faunal and microbe-microbe (Huang et al., 2014). These interactions can
be beneficial including symbiotic relationships with beneficial microbes such as rhizobia,
mycorrhiza and plant growth promoting rhizobacteria (PGPR), or they can be deleterious
including relations with parasitic plants, pathogenic microbes and invertebrate herbivores
and neutral interactions (Haichar et al., 2014). In some instances, microbes can shift their
interaction attributes based on their life-cycle stages or environmental conditions
(Newton et al., 2010). For example, rhizobia, symbiotic nitrogen-fixing bacteria,
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transition from a symbiotic to a neutral trophic state in response to nitrogen levels of soil
(Zahran, 1999).
Plant-Plant Interactions
Interactions between neighboring plants can be either negative such as resource
competition, chemical interference, and parasitism or positive with the induction of
defense responses in neighboring plants (Bais et al., 2006). Allelopathy is a mechanism
occurring among neighboring plants leading to advantage over their rivals. Plants
produce and secrete phytotoxins into soil to hamper establishment and growth of
susceptible neighboring plants, thereby decreasing competitions and increasing the
amount of available nutrition (Weir et al., 2004). Plant-synthesized phytotoxins show
variations in terms of chemical structure, mode of actions, and impacts on plants. The
concentration of allelochemicals, determined by production rate and chemical stability,
should be sufficiently present in the environment to have an impact on plant physiology,
growth and survival (Bais et al., 2006). Thus, the ecological relevance of allelochemicals
is also associated with the sensitivity of competitors coexisting with allelopathic plants.
In some cases, allelopathic plants can show the indication of autotoxicity inhibiting
reproduction or new growth within its own species, meaning self-toxicity. However, most
of the allelopathic plants are not affected negatively from phytotoxins they release due to
a variety of methods they use, such as sequestration of the toxins in vacuoles or
specialized tissues and changing the chemical structure of the toxins (Bais et al., 2006).
Alternatively, seeds can get benefits from autotoxicity by remaining dormant in regions
with dense population (Picman et al., 1984). Parasitic plants and their host have a unique
relationship that is beneficial for the parasitic plant and harmful for the host plant.
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Approximately 4000 species have been considered as parasitic plants to date (Yoder JI &
Yoder, 1999). Parasitic plants are able to invade both belowground and aboveground
parts of their hosts via haustoria (a specialized root like organ) obtaining water and
nutrition from the host (Yoder JI & Yoder, 1999). They clearly vary in regard to host
resource dependency. Obligate parasitic plants are completely dependent on their host
resources while others can complete their life cycle autotrophically (Yoder JI & Yoder,
1999). A number of obligate parasites such as Striga spp. and Orobanche spp. yield a
large amount of small seeds that have a limited amount of carbohydrate source (Saucet &
Shirasu, 2016). These seeds can remain dormant for a long time in soil until perceiving
chemical signals produced by a nearby host (Saucet & Shirasu, 2016). Parasitic plants
determine the right time to germinate with the help of the chemical signals like
strigolactones which are carotenoid-derived compounds (Saucet & Shirasu, 2016) and
hydroquinones which are aromatic organic compounds (Yoder JI & Yoder, 1999).
Timing for germination is crucial for the parasites because seedlings can live only a few
days after germination before attaching to a potential host due to carbohydrate limitations
in seeds (Palmer et al., 2004). On the other hand, plants may directly or indirectly
contribute to protection of their neighboring plants from herbivore attacks. Plants can
increase resistance against herbivores by the help of some root exudates exuded by
nearby plants. For example, root exudates of Elytrigia repens (couch grass) include a
number of phytochemicals including carboline alkaloids (Glinwood et al., 2003).
Hordeum vulgare (Barley) is less preferred as host by aphids if it is treated with either
root exudates of E. repens or with only carboline (Bais et al., 2006). In addition to
alterating on herbivore behavior, the natural enemies of the offending herbivore are
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moderately attracted by defense signals of nearby plants induced by some root-derived
compounds in order to control herbivore population (Chamberlain et al., 2001). For
example, Vicia faba plants attacked by aphids secrete root exudates leading to production
of volatile substrates in unharmed nearby V. faba plants, resulting in attraction of aphid
parasitoids (Du et al., 1998).
Plant-Microbe Interactions
Plants are not only associated with their neighboring plants but also closely
interacted with microbiota inhabiting the rhizosphere. Many soil-dwelling bacteria
involve in interactions with plants in the rhizosphere resulting in improved plant health,
enhanced plant growth and yield, which are called Plant Growth Promoting Rhizobacteria
(PGPR). They are grouped as symbiotic and free-living rhizospheric bacteria (Khan,
2005). Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, and Rhizobium
spp. are symbiotic bacterial genera inhabiting specialized nodular forms in plant roots
(Martínez-Viveros et al., 2010). The Azotobacter, Arthrobacter, Azospirillum,
Agrobacterium, Bacillus, Chromobacterium, Burkholderia, Caulobacter, Erwinia,
Flavobacterium, Pseudomonas, Serratia, and Micrococcus are genera of free-living
rhizobacteria found in the rhizoplane regions or in spaces between root cortex cells.
PGPR positively affect plants through a range of direct and indirect mechanisms such as
nitrogen fixation, phosphate solubilization, siderophore production, phytohormone
production, 1-Aminocyclopropane-1-Carboxylate (ACC) deaminase production and
antibiosis by the production of antibiotics and antimicrobial metabolites (Glick & Glick,
2012). Atmospheric nitrogen fixation in root nodules is resulted from specific
associations between rhizobia and leguminous plants. The variety of nitrogen-fixing
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bacteria is determined by the level of nitrogen in the rhizosphere (Zahran, 1999).
Flavonoids, which are required for initiation of legume-rhizobia symbiosis, are produced
by legume roots under nitrogen limited conditions (Zhang et al., 2009). The expression of
nod genes in Rhizobia is induced by the secreted certain group of flavonoids involving
flavones, flavonols, flavanones and isoflavonoids (Wang et al., 2012). Flavonoids can
function as initiator for particular rhizobia species and inhibitors for others (Cooper,
2007). For example, soybean ( Glycine max) supplies the two isoflavonoids, daidzein and
genistein, that efficaciously induce Bradyrhizobium japonicum nod genes while impeding
the expression of Sinorhizobium meliloti nod genes (Cooper, 2007). Nod factors, acting
as bacterial signals that are essential for nodule formation, are synthesized by nod genes
in Rhizobia (Haichar et al., 2014). Legume host receptors recognize these specific nod
factors, causing a sequence of developments including folding of root hairs nearby the
invading sites of Rhizobia, induction of rhizobia into the plant root tissues and eventually
nodule formation (Haichar et al., 2014). In addition to symbiotic bacteria, free-living
bacteria like Azospirillum, Azotobacter, Azocarus, Gluconoacetobacter, Diazotrophicus,
and endophytes like the Cyanobacteria Nostoc and Anabaena are capable of fixing
atmospheric nitrogen into available form such as ammonia for plants (Bhattacharyya &
Jha, 2012). Phosphorus is another essential macro-element effecting plant growth and
performance after nitrogen. Interestingly, plants are unable to uptake enough phosphorus
from soils although the quantity of phosphorus is usually relatively high in the soil. This
is because most of the available phosphorus in soils is insoluble while plants can only
uptake phosphorus in two soluble forms, the monobasic (H2PO4-) and the diabasic
(HPO42-) ions (Bhattacharyya & Jha, 2012). The insoluble form of phosphorus can be
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found as either inorganic mineral like apatite or organic forms such as inositol phosphate
(soil phytate), phosphotriesterase, and phosphomonoesters (Glick & Glick, 2012). A
number of soil-dwelling bacteria residing in the rhizospheric regions are competent to
solubilize and mineralize the insoluble form of phosphorus, which are named as
phosphate-solubilizing bacteria. Azotobacter, Beijerinckia, Burkholderia, Bacillus,
Enterobacter, Erwinia, Flavobacterium, Pseudomonas, Microbacterium, Serratia, and
Rhizobium are the most prominent phosphate-solubilizing bacteria (Bhattacharyya & Jha,
2012). Phosphate-solubilizing microorganisms produce some organic acids like gluconic
and citric acid to solubilize inorganic form of phosphorus (Glick & Glick, 2012). In
addition to this, they synthesize several phosphatases and catalyze the hydrolysis of
phosphoric esters to convert insoluble organic forms of phosphorus to soluble forms
(Glick & Glick, 2012). Iron is another fundamental nutrient for both plants and
microorganisms, acting as a cofactor for numerous essential chemical and physiological
processes such as respiration, photosynthesis and nitrogen fixation (Goswami et al.,
2016). Although it is one of the most common microelements in soils, plants and
microorganisms cannot absorb enough iron from soils due to the fact that it is present as
ferric ion or Fe3+, which is a form unavailable for assimilation by plants and
microorganisms (Goswami et al. 2016). A number of rhizobacteria are capable of
releasing iron-chelator molecules known as siderophores into the rhizosphere (Glick &
Glick, 2012). Ferric ion can be chelated by siderophores with high affinity, enhancing
iron absorption by plants and microorganisms (Wandersman & Delepelaire, 2004).
Siderophore-synthesizing bacteria are generally genus Pseudomonas like P. fluorescens
and P. aeruginosa that are the most examined species secreting pyochelin and pyoverdine
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siderophores (Haas & Défago, 2005). Rhizobacteria can also contribute to plant growth
and development with the production of a variety of phytohormones including auxins,
gibberellins, cytokinins, ethylene, and abscisic acid (Patten & Glick, 1996). These
phytohormones produced by rhizobacteria have various influences upon several stages of
plant growth and development spanning from initiation of seed and tuber germination to
inducing leaf abscission. Cytokinins and gibberellins are responsible for stimulation of
shoot development. In addition, cytokinins take part in cell division, development of
primary root, nodulation, and branching (Ortíz-Castro et al., 2009). Ethylene known as a
stress hormone is one of the most important phytohormones affecting interactions
between microbes and plants in the rhizospheric region hindering formation of Rhizobia
spp. nodule and mycorrhizae-plant associations (Glick & Glick, 2012). Ethylene level can
significantly increase in response to environmental stresses such as salinity, drought, or
water flooding, which results in some deleterious impacts on plants such as leaf
abscission, senescence, chlorosis, flower wilting (Jha & Saraf, 2015). Various
rhizobacteria are able to synthesize an enzyme called ACC deaminase breaking down
ACC, which is a precursor of the phytohormone ethylene into ammonia and αketobutyrate (Goswami et al., 2016). Thus, ACC deaminase serve a function in
controlling of ethylene level and protecting plants exposed to abiotic stresses from
negative effects of ethylene (Glick, 2014). Flower senescence in carnation plants could be
efficaciously postponed by the application of ACC deaminase-producing P. fluorescens
YsS6 and Pseudomonas migulae 8R6 (Goswami et al., 2016). Another mechanism
protecting plants against plant pathogenic microorganisms is the production of antibiotics
and antimicrobial metabolites including enzymes disrupting cell-wall structure of fungi
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such as chitinase cellulase, protease and glucanese by beneficial rhizobacteria. Bacillus
spp. and Pseudomonas spp. sre especially involved in inhibiting plant pathogens by
producing antibiotics such as subtilin, bacilysin, chlorotetain, mycobacillin and 2,4
Diacetyl Phloroglucinol (DAPG), Phenazine-1-carboxylic acid (PCA), and Phenazine-1carboxamide (PCN) (Goswami et al. 2016). Soil-borne pathogens Rhizoctonia solani,
Pythium ultimum, and Sclerotium rolfsii can be suppressed via the species Bacillus
cepacia secreting β-1, 3-glucanase which degrade cell walls of fungi (Compant et al.,
2005). Similarly, the cell wall integrity of Fusarium oxysporum f. sp. cucumerinum is
destroyed by β-1,3-glucanase supplied by Paenibacillus sp. strain 300 and Streptomyces
sp. strain 385 (Compant et al., 2005). In addition to rhizobacteria, a certain group of
fungi, the arbuscular mycorrhizal fungi (AMF), also contributes to plant growth and
health. AMF are obligate symbionts that are not capable of completing their life cycle
without a host root supplying plant-fixed carbon to the fungal partner (Akiyama et al.,
2005). These fungi are able to constitute symbiotic associations with the majority of
territorial plants, approximately 80%, in contrast to highly selective symbiosis among
rhizobia and leguminous plants (Newton et al., 2010). Plants get benefits from these
symbiotic interactions with the enhancement of water and nutrient uptake ( especially
phosphorus ) and increasing resistance against pathogens while AMF acquire their only
source of carbon from plants through this symbiosis (Newton et al., 2010). Flavonoids
produced by host plants play a substantial role in the formation of mycorrhizal symbiosis
with the impact on spore germination, hyphal expansion and root colonization (Zhuang et
al., 2013). It has been indicated that the colonization of arbuscular mycorrhizal fungi is
encouraged in the presence of certain flavonoids such as glyceollin, coumestrol and
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daidzein in soybean (Zhuang et al., 2013). Strigolactones, a set of sesquiterpene lactones,
are necessary for initiation of AMF hyphal branching, which is a crucial developmental
stage in AMP eliciting relation with host roots to accomplish symbiosis (Akiyama et al.,
2005). Interactions between plants and associated microbial communities could be in
negative pattern for both sides because plants draw a wide variety of microorganisms
including pathogens into surrounding soil. Plants synthesize a plethora of antimicrobial
substances including phytoanticipins, phytoalexins, defense proteins and other
unidentified chemicals to suppress pathogens attacks (Haichar et al., 2014). Sweet basils
challenged by P. aeruginosa excrete rosmarinic acid (RA) and a caffeic acid ester
exerting strong antimicrobial action from their roots to the rhizosphere (Walker et al.,
2004). Additionally, phenolic acids such as chlorogenic, caffeic and cinnamic acids
secreted from grafted watermelons roots provide resistance to watermelons against
wilt disease caused by F. oxysporum f.sp. niveum (Ling et al., 2013). Quorum sensing is a
type of communication system among microorganisms modulated by chemical signals
called auto-inducers that are synthesized and detected by microorganisms (Fray, 2002).
N-acyl-homoserine lactones (AHLs) is the most prevalently determined quorum sensing
signals (von Bodman et al., 2003). Quorum sensing allow the microorganisms to monitor
alterations in their environment and give a chance to respond immediately, which
increase the success of colonization on hosts either as symbiots or pathogens (Haichar et
al., 2014). Plants have developed the ability to block quorum sensing systems by
mimicking AHL signals, synthesizing signal inhibitors and signal degradation enzymes to
prevent pathogenesis (Haichar et al., 2014). A wide variety of plant species involving pea
(Pisum sativum), crown vetch (Coronilla varia), alfalfa (Medicago truncatula), rice
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(Oryzia sativa), soybean (G. max) and tomato (Lycopersicon esculentum) are capable of
imitating of AHL signals by releasing exudates from their roots into the immediate
vicinity (Rasmussen et al., 2005). Plants can also quench quorum sensing signals by
creating an alkaline environment at the infection sites (pH above 7) leading to AHL
lactonolysis and suppression of quorum sensing(QS) controlled genes expression and
virulence factors (Haichar et al., 2014).
Plant-Nematode Interactions
There are numerous complex interactions between nematodes and plants as well
as plant-plant and plant-microbe interactions in the rhizosphere. Microbial-feeding and
root-feeding nematodes are generally present in the rhizosphere. Microbial-feeding
nematodes get benefits from heavily populated microbes as a rich nutrition source in the
rhizosphere (Bais et al., 2006). Root-feeding nematodes are known to be involved in a
number of sophisticated interactions with roots and rhizosphere microflora. Heterodera
trifolii infected roots of white clover (Trifolium repens) release higher amount of carbonrich compounds into the soil in comparison to healthy plants, leading to increment in
microbial biomass (Yeates, 1999). Trophic state of rhizosphere residing microbes may
transition in response to changes in rhizospheric carbon: nitrogen (C: N) ratio due to root
infections with nematodes. For example, R. solani becomes pathogenic to tomato as a
consequence of an alteration in the rhizospheric carbon: nitrogen (C: N) ratio when
tomato roots are infected with Meloidogyne incognita (Bais et al., 2006). On the other
hand, soil-dwelling nematodes often promote plant growth and health. Soil-dwelling
nematode Caenorhabditis elegans plays an important role in the establishment of
symbiosis between leguminous plant M. truncatula and QS-controlled Rhizobium species
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Sinorhizobium meliloti (Horiuchi et al., 2005). C. elegans attracted by root exudates of
the legume M. truncatula carries nitrogen-fixing bacteria Sinorhizobium meliloti to the
roots to induce nodule formation (Horiuchi et al., 2005).
Rhizosphere Bacterial Microflora
The rhizosphere is a hot spot prevailing a mesmerizing diversity of
microorganisms (Mendes et al., 2013). Rhizosphere microbes are directly or indirectly
involved in a multitude of plant processes such as nutrient uptake, rhizodeposition, plant
growth and development, and protection against plant pathogens (van Overbeek, 2013).
The architecture of rhizosphere bacterial microflora is closely associated with a number
of biotic and abiotic factors including the composition of root exudates, motility, limiting
elements (phosphorus and iron), competition among organisms, root structure and plant
species (Lugtenberg & Kamilova, 2009). As determined by 16S rRNA sequencing,
Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and Acidobacteria are the most
common bacterial phyla present in the rhizosphere of sugarcane, pea native hardwood
forests and conifer plantations (Pisa et al., 2011). Among these phyla, Proteobacteria are
the predominant bacterial group because of their capability to react to alteration in the
level of carbon sources, performing rapid proliferation and orientating to the various
plant rhizospheres (Lagos et al., 2015). Acidobacteria is the second most abundant
bacterial phylum playing an important role in carbon cycle by decomposing cellulose and
lignin in soils (Ward et al., 2009). Additionally, Actinobacteria contribute to plant growth
and health with increasing nodule formation in legume and also are involved in disease
suppressive soils (Lagos et al., 2015). Proteobacteria, Actinobacteria, Acidobacteria,
Bacteroidetes, Firmicutes, and Nitrospira are the major bacterial phyla and genus
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determined in the soybean rhizosphere during soybean growth (Sugiyama et al., 2014). It
has been revealed that major bacterial groups, showing potential to promote plant growth
and development, belong to phyla Actinobacteria, Firmicutes, Proteobacteria
(Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria) and Bacteroidetes, and
especially the genera Rhizobium, Azospirillum, Burkholderia, Pseudomonas and
Enterobacter based on identification using the current GenBank database from National
Center for Biotechnology Information (NCBI) (Lagos et al., 2015). Disease suppression
activities are perpetually implemented by three major phyla Proteobacteria, Firmicutes,
and Actinobacteria in the rhizosphere of sugar beet plants cultivated in soils with diverse
levels of disease suppressiveness (Mendes et al., 2013).
Disease Suppressive Soils
Plants motivate the beneficial soil microbes to migrate into their immediate
vicinity through rhizodeposition to avoid soil-borne pathogen attacks, which is a wellrecognized plant defense concept termed as disease-suppressive soils (Mendes et al.,
2012). Rhizosphere microbiota serves as a shield towards soil-borne plant pathogens.
Diseases do not appear in suppressive soils even if there are virulent pathogens and
sensitive host plants due to protective effects of rhizosphere residing microbes (Doornbos
et al., 2012). The activity of suppressive soils results from a harmony of general and
specific suppression (Schlatter et al., 2017). General soil suppression is associated with
the capability of the total microbial community to inhibit the development of a wide
variety of detrimental organisms while specific soil suppression is due to the capacity of
the single species population to prevent a particular plant pathogen assault (Doornbos et
al., 2012). A broad range of rhizobacteria belonging to genera Agrobacterium,
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Alcaligenes, Arthrobacter, Bacillus, Enterobacter, Erwinia, Pseudomonas, Rhizobium,
Serratia, Streptomyces, Xanthomonas and the non-pathogenic strains of fungus F.
oxysporum are involved in the suppression of plant pathogenic microorganisms in soils
(Doornbos et al., 2012). Rhizobacteria acting as biocontrol agent should sufficiently
colonize roots and establish in surrounding soils for successful disease suppression.
Additionally, the effectiveness of disease suppression is closely related to the population
density of pathogen suppressing bacteria (Schlatter et al., 2017). For example, the
population density of P. fluorescens WCS374r or Pseudomonas putida WCS358r should
not be less than 105 CFU per gram of root to perform effective suppression against wilt
of radish caused by F. oxysporum f. sp. raphani (Raaijmakers, 1995). If the population
density of biocontrol bacteria is lower than this threshold, the efficiency of soil
suppression significantly declines (Raaijmakers, 1995). A number of strategies are
implemented by pathogen suppressing bacteria to assist plant growth and health,
including competition for iron, production of antibiotics, biosurfactants and lytic
enzymes, and induction of systemic resistance. Iron usually is a restrictive microelement
in the rhizospheric region and bulk soil for microorganisms because the unavailable form
of iron Fe3+ is predominantly present in nature. Under the iron-limited condition, P.
putida WCS358r release a specific siderophore pseudobactin-358 chelating iron
molecules for assimilation (de Weger et al., 1988). Chelated iron molecules by
pseudobactin-358 are recognized by a relatively specific receptor called ferricpseudobactin receptor PupA which is an outer-membrane protein and absorbed by
microorganisms that have this specific receptor (Doornbos et al., 2012). Beneficial
bacteria existing in the rhizosphere are capable of producing numerous secondary
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metabolites including antibiotics and biosurfactants to antagonize deleterious organisms.
Antibiotics, low-molecular-weight compounds, distrupt the metabolism and development
of antagonists. A broad range of antibiotics produced by beneficial microbes such as
phenazines, DAPG, pyoluteorin, and pyrrolnitrin are present and involved in biological
control of plant pathogens (Raaijmakers et al., 2002). Antibiotic production is considered
as one of the most significant mechanisms that beneficial microbes possess for biological
control, providing an impressive mode of action (Doornbos et al., 2012). Biosurfactants
are amphiphilic compounds damaging cellular membranes resulting in efflux and
cytolysis. Biosurfactants have the ability to inhibit the growth of a number of plant
pathogens including plant pathogenic oomycetes genera Pythium and Phytophthora and
fungus genus Rhizoctonia (Raaijmakers et al. 2006). In addition to antibiotics and
biosurfactants, several lytic enzymes such as cellulases, glucanases, proteases, and
chitinases, dissolving various essential cell wall components of fungi and oomycetes, are
produced by a variety of beneficial rhizosphere bacteria to prevent plant diseases
(Doornbos et al., 2012). For example, the infection of Botrytis cinerea is suppressed by
Serratia plymuthica C48 with the production of chitinase blocking spore geminating and
germ-tube elongation (Compant et al., 2005). Similarly, mycelium of Fusarium solani is
degraded and lysed via extracellular chitinase and laminarinase secreted by Pseudomonas
stutzeri before invading host cells (Compant et al., 2005). Alternatively, numerous
beneficial rhizosphere dwelling bacteria have the ability to suppress plant pathogens by
activating the immune system in host plants, which is called induced systemic resistance
(ISR) (Berendsen et al., 2012). ISR can be considered as a physiological status of plants
displaying escalated defensive capability against a wide range of plant pathogenic
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organisms including bacterial, fungal, oomycetes, viruses, and nematodes (Singh, 2015).
Jasmonate and ethylene signaling pathways in plants take part in triggering of host
defense responses towards an array of pathogens (Glick, 2012). In addition to jasmonate
and ethylene, a broad spectrum of bacterial components such as lipopolysaccharides,
flagella, siderophores, cyclic lipopeptides, 2, 4-diacetylphloroglucinol, homoserine
lactones, and volatiles including acetoin and 2, 3-butanediol function as cues for the
activation of ISR (Singh, 2015). However, ISR results from highly specific interactions
between host plants and beneficial rhizobacteria, depending on recognition of bacterial
elicitors by host plants (Beneduzi et al., 2012). For example, Arabidopsis spp. are
responsive to P. putida WCS358r for induction of resistance whereas radish and
carnation plants are not (Beneduzi et al., 2012). A. thaliana seedlings challenged with a
foliar pathogen P. syringae pv. tomato DC3000 release a high level of l-malic acid from
their roots into the rhizosphere. l-malic acid acts as a chemoattractant for the beneficial
rhizobacteria B. subtilis FB17 defending the plant by ISR (Lugtenberg & Kamilova,
2009). Similarly, volatile substances produced by B. subtilis GBO3 and B.
amyloquefaciens IN937a are able to initiate ISR mechanism in Arabidopsis seedlings
under attacks of the soft rot disease caused by Erwinia carotovora subsp. carotovora
(Compant et al., 2005). P. fluorescens EP1 activates ISR pathways in sugarcane to fortify
against red rot disease caused by Colletotrichum falcatum (Compant et al., 2005).
Burkholderia phytofirmans PsJN contributes to plant health by the activation of ISR in
grapevine and tomato against plant pathogenic fungi B. cinerea and Verticillium dahlia
respectively (Compant et al., 2005).
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Biocontrol of Soil-borne Pathogens
Plants are challenged by a broad variety of soil-borne plant pathogenic microbes
causing a dramatic reduction in plant growth and yield. Beneficial rhizosphere
microorganisms play a crucial role in the suppression of soil-borne plant pathogens with
functioning as a powerful shield against them (Weller, 1988). A broad range of
rhizobacteria belonging to genera like Arthrobacter, Agrobacterium, Alcaligenes,
Azotobacter, Bacillus, Pseudomonas, Enterobacter, Burkholderia, Rhizobium,
Bradyrhizobium, Serratia Streptomyces, Xanthomonas and fungus belonging to genera
like Trichoderma, Gliocladium and nonpathogenic F. oxysporum have been determined
to perform potential to suppress the soil-borne plant pathogens (Raaijmakers et al., 2009).
These beneficial microorganisms exhibit antagonistic activities on plant pathogens via
several mechanisms such as antibiosis, hyperparasitism, production of lytic enzymes and
induction of plant resistance to reduce disease incidence and severity. Antibiosis is one of
the most common strategies associated with the synthesis of secondary antimicrobial
compounds such as antibiotics. Antibiotic production is a significant characteristic for
biocontrol agents in terms of suppression of plant pathogens. Antibiotics, low molecular
weight organic compounds, synthesized by beneficial rhizobacteria, are highly effective
to prevent the development and metabolic processes of soil-borne plant pathogens even at
low concentration (Nega, 2014). Antibiotics produced by rhizobacteria show a variety of
distinctive mode of actions including prevention of cell wall formation, blocking protein
synthesis and damaging of membrane integrity, and repression of DNA synthesis (Walker
et al., 2001). A well-known example of antibiosis is agrocin 84 synthesized by
Agrobacterium radiobacter and involved in controlling crown gall disease caused by
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Agrobacterium tumefaciens (Raaijmakers et al., 2009). P. fluorescens strain 2-79
secreting the antibiotic phenazine get actively involved in the suppression of take-all
disease of wheat caused by Gaeumannomyces graminis var. tritici (Thomashow &
Weller, 1988). Many biocontrol agents are able to release more than one antibiotics,
increasing the efficacy of biocontrol activities. For example, Bacillus cereus strain UW85
have the ability to protect plants towards damping-off diseases caused by Phytophthora
medicaginis and Pythium aphanidermatum with the production of multiple antibiotics
that are kanosamine and zwittermicin (Smith et al., 1993). Hyperparasitism is a type of
direct biocontrol mechanism mainly applied by fungi belonging to genera Trichoderma
and Gliocladium to control a broad spectrum of plant pathogenic fungi including in the
genera Rhizoctonia, Sclerotinia, Verticillium and Gaeumannomyces (Harman et al.,
2004). Trichoderma spp. attach to target pathogen hyphae and release some cell wall
degradation enzymes like chitinases and cellulases to digest and penetrate successfully
into the pathogens (Woo et al., 2006). In addition to the fungal-based hyperparasitism,
Pasteuria penetrans from phylum Firmicutes involves in controlling of plant-parasitic
nematodes Meloidogyne spp. (Raaijmakers et al., 2009). The production of lysis
enzymes, such as chitinases, β-1,3-glucanases, lipases, cellulases, and proteases
dissolving essential cell wall components like chitin, proteins, celluloses, hemicelluloses,
providing an advantage for biocontrol agents to defend plants against deleterious
organisms. The bacterium Micromonospora carbonacea synthesizing celluloses is the
species which effectively control the disease root rot of Banksia grandis caused by
Phytophthora cinnamomi (El-tarabily et al., 1996). Many beneficial root-colonizing
bacteria are able to provide protection against soil-borne plant pathogens by eliciting
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plant defense systems resulting in ISR. ISR appears when the stimulants of ISRtriggering rhizobacteria are recognized by host plants (Compant et al., 2005). The
induction of ISR leads to chemical and physiological changes in the elicited plants root,
including reinforcement of epidermal and cortical cell wall solidity, the increment in the
level of defense-related chemicals like phytoalexins and boost in the expression of stressrelated genes (Heil and Bostock, 2002). Bacterial strains from the genera Pseudomonas,
Serratis, Bacillus, and Burkholderia are documented as potential ISR inducers (Pieterse
et al., 2014).
Nodule Microbiome
Root nodule is an ecological niche formed in the legume roots through a highly
specific symbiotic relationship between leguminous plants and nodule inducing bacteria.
For many years, rhizobia which are nitrogen-fixing bacteria were considered as the only
group of nodule inducing bacteria residing in the nodules of legume (Ib et al., 2017).
However, according to current data legume root nodules host a number of other microbial
occupants that may be grouped as non-rhizobial nodule-inducing bacterial and nonnodulating endophytes (Martínez-Hidalgo & Hirsch, 2017). These nodule-isolated
microorganisms apart from rhizobia are now referred to as non-rhizobia endophytes,
nodule endophytes or nodule-associated bacteria (NAB). It has been reported that
bacterial species belonging to genera Aminobacter, Bosea, Methylobacterium,
Microvirga, Shinella, Phyllobacterium, Burkholderia, Cupriavidus, Klebsiella,
Pseudomonas and Rhodococcus from the phyla Proteobacteria (a-Proteobacteria, bProteobacteria, g-Proteobacteria) and Actinobacteria have been identified as nonrhizobial nodule inducing bacteria inhabiting within the legume nodules, all of which
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contain nod and nif genes providing the ability to trigger formation of nitrogen-fixing
nodules and fix atmospheric nitrogen (Martínez-Hidalgo & Hirsch, 2017). Microvirga
species (Microvirga lotononidis, Microvirga lupini, and Microvirga zambiensis) have
been determined as endosymbionts that are capable of nodulating on Listia angolensis
and Lupinus texensis roots (Ardley et al., 2013). Nodules of Lotus corniculatus and
Anthyllis vulneraria contain Rhodococcus strains carrying nodA gene and forming
nodules on Lotus corniculatus roots (Ampomah & Huss-Danell, 2011). In addition to
these non-rhizobial nodule-inducing bacterial endophytes, a number of non-nodulating
bacterial endophytes belonging to phyla Proteobacteria, Actinobacteria and Firmicutes
have been found in legume nodules, some of which may fix atmospheric nitrogen
(Martínez-Hidalgo & Hirsch, 2017). Many studies have revealed that Bacillus is the most
common genus detected as non-rhizobial endophytes in legume nodules, followed by the
genus Pseudomonas (de Meyer et al., 2015). Species of the genus Micromonospora have
been obtained from several legume root nodules, which may suppress fungal diseases by
inducing systemic resistance in the host and also act as plant growth promotion bacteria
when applied (Martínez-Hidalgo & Hirsch, 2017). Variovarax is an intriguing genus
found in legume root nodules with the production of a broad spectrum of hydrolytic
enzymes like lipase, cellulase, and protease (Aserse et al., 2013). Representatives of the
genera Azospirillum and Gluconacebacter are known as nitrogen fixer have been isolated
from various legume root nodules, causing significant enhancement in plant growth and
yield when they are co-inoculated with a nodule-inducing bacteria (Martínez-Hidalgo &
Hirsch, 2017).
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For a long time, it was believed that bacterial strains pertaining to Rhizobia were
the only bacterial group as nodule residents that are able to form nodules in legume roots
and provide an available form of nitrogen like ammonia for the host by fixing
atmospheric nitrogen. However, this misconception has recently been changed with the
identification of non-rhizobial inhabitants within the different legume root nodules. The
awareness of nodule endophytes may open new avenues for the biological control of
plant diseases and promotion of plant growth.
Considering the importance of soil-borne diseases and the threats to crop
production, this study was undertaken to identify and evaluate disease suppression
capabilities of soybean nodule endophytes to provide protection against a wide range of
economically important soil-borne diseases. The main objectives of this work were (i) to
isolate and identify bacterial species from soybean nodules, (ii) to screen antagonistic
activities in vitro against bacterial and fungal pathogens, (iii) to test for metabolites
associated with disease control and growth promotion, and (iv) to evaluate disease
control and plant growth promotion potential in tomato seedlings.
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MATERIALS AND METHODS
Isolation of Soybean Nodule Bacteria
Collection and surface sterilization of nodules: Short soybean root segments
containing nodules were collected from the University of Nebraska’s experimental field
(R3-R4 stage) near the Dead Man’s Run River. The roots were thoroughly washed under
tap water to remove all dirt particles. Nodules were taken off from the roots and were
placed in a flask. The nodules were further washed several times with tap water until the
wash water became clear. Nodules were surface sterilized by immersing them in 10%
solution of commercial bleach (6% NaOCl) for 5 minutes followed by three washes with
sterile distilled water. Bleach treated nodules were then immersed in 70% EtOH for 30
seconds followed by three washes with sterile distilled water. Nodules were blotted dry
on sterile paper towels and air dried for 5 minutes. Surface sterilized nodules were rolled
over Yeast Extract Peptone (YEP) plates to test for contamination, only contamination
free nodules were used for bacterial isolation.
Isolation of bacteria from surface sterilized nodules: One surface sterilized nodule
was placed in an Eppendorf tube containing 300 µl of sterile distilled water. The nodule
was gently squashed using a small spatula. The Eppendorf tube was then centrifuged at
6000 rpm for 30 seconds and the supernatant was transferred to a fresh Eppendorf tube.
The volume was then adjusted to 1 ml with 0.5X liquid YEP media. A dilution series was
prepared from this extract and 100 µl aliquots were plated on solid YEP and incubated at
room temperature for 2 days.
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Identification of Selected Bacterial Colonies
Based on plate screenings a small number of colonies were further selected for
identification. The colonies were identified by two methods; first, the Matrix-assisted
laser desorption/ionization- time of flight mass spectrometry (MALDI-TOF MS) and
subsequent confirmation using 16S based RNA gene sequencing.
The MALDI-TOF MS: The MALDI-TOF MS is an emerging technology that is
being used increasingly for bacterial identification. The system can identify a broad range
of bacteria by matching unique fingerprints of abundant proteins from the bacterial
cultures. For MALDI-TOF MS, single colony purified bacterial strains were grown on
fresh YEP plates. A thin film of cells from a single colony from each plate was smeared
evenly onto a polished stainless steel target in duplicate, overlaid with α-cyano-4hydroxycinnamic acid in 50% acetonitrile–2.5% trifluoroacetic acid (HCCA Matrix
Bruker Daltonics) and allowed to air dry (Loy and Clawson, 2017). Mass spectra from
each culture were acquired and compared to a database using a software package
(MALDI Biotyper Compass, Bruker Daltonics). Data were collected between 2K and
20Km/z using automated detection and spectrum collection in linear mode (Microflex,
Bruker Daltonics). The instrument was calibrated using the auto calibration function prior
to each run using bacterial test standards (Bruker Daltonics). Each spectrum collected
was a sum of 500 laser shots collected in increments of 100 shots. Unknown soybean
nodule bacterial cultures were identified to the genus or species level with scores of 2.0
or ≥2.3, respectively (out of a maximum of 3).
Bacterial identification by PCR amplification of 16S ribosomal RNA gene
sequencing: Freshly cultured bacterial isolates were used to extract genomic DNA using a
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fast lysis buffer from Qiagen (Material Number 1064979, Qiagen GmbH, Germany).
Polymerase chain reaction (PCR) was used to amplify 16S rRNA gene regions of the
selected bacterial strains by using two universal primers (27F: 5’CGGGAT CCA GAG
TTT GAT CCT GGC TCA GAA CGA ACG CT-3’; 1100R: 5’ AGG GTT GCG CTC
GTT G -3’) based on E. coli rRNA gene. Aliquots from amplified DNA samples were
sent to a commercial vendor (Beijing Genomics, Boston, MA) for direct sequencing
using the same primers. Bacterial species were identified based on BLASTN analyses of
NCBI GenBank and other databases using the vendor’s proprietary software packages.

Table 1. Plate inhibition assay scores (0 = no effect, 5 = strong effect)
Clavibacter
michiganenesis P. syringae
Isolates
subsp.
pv tomato
michiganenesis
115ic
5
5
3
5
5
NT158
3
3
NT21
0
0
NT76ia
5
5
138id
5
5
113id
5
5
NT134ia
3
2
108ia
5
5
NT88
0
0
131id
4
3
NT76ie
5
5
108ic
5
5
125ib
5
5
140ic
4
3

Xanthomonas Rhizoctonia Sclerotinia
fragaria
solani
sclerotiorum
5
5
2
0
5
5
5
3
5
0
3
5
5
5
3

5
4
5
0
5
4
0
0
5
0
0
3
0
3
0

3
0
0
0
0
3
0
0
3
0
0
3
0
2
0
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Soybean Nodule Microbiome
A single soybean nodule was used to determine the bacterial community inside
the nodule. A single pink nodule was surface sterilized as stated before and total DNA
was extracted using PlantDNAzol (Invitrogen). The universal 16S primers were used for
PCR amplification and sequencing of the amplified primers. The sequences were
matched with the NCBI database to identify bacterial species.
In vitro Screening of Potential Antagonistic Activity of Soybean Nodule-associated
Bacteria against Bacterial and Fungal Plant Pathogens
Preparation of Bacterial Pathogen Inoculum: One hundred and fifty ml YEP
(Yeast Extract Peptone: 10 gr Peptone, 10 gr Yeast Extract, 5 gr NaCl, 15gr Agar (Bacto)
per Liter, pH: 7) broth was put in 250 ml Erlenmeyer flasks and autoclaved. Autoclaved
YEP broth was inoculated with the plant pathogens C. michiganensis subsp.
michiganensis (Cmm) and P. syringae pv tomato (Pst), and then incubated for 24 hours at
25 °C on a rotary shaker at 180 rpm and for 24 hours at 28 °C on a rotary shaker at 180
rpm, respectively. Fifty ml of the overnight grown cultures were transferred into 50 ml
Eppendorf tubes. The tubes were centrifuged at 5000 rpm at 10 °C for 10 minutes, to
pellet the bacterial cells at the bottom of Eppendorf tubes. The supernatant was discarded
and cell concentration was adjusted to 1X 108 cfu ml-1 by the dilution of the pellet with
autoclaved YEP broth.
Preparation of Antagonist Inoculums: Ten ml autoclaved YEP broth was
transferred into 12 ml Eppendorf tubes and then incubated with potential antagonistic
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nodule-associated bacteria for 24 hours at 25 °C on a rotary shaker at 180 rpm. The
overnight grown cultures were centrifuged at 5000 rpm at 10 °C for 10 minutes. The
supernatant was discarded and the bacterial cell pellet was obtained at the bottom of the
Eppendorf tubes. The pellet was diluted with autoclaved YEP broth to arrange cell
concentration of 1X108 cfu ml-1.
In vitro Antibacterial Bioassays: As the number of colonies was very high to test
all of them in a single experiment, 500 colonies isolated from soybean nodules were
randomly divided into 10 groups with 50 colonies for each experiment. Ten experiments
were conducted to cover all isolates for a single replication. One ml of prepared pathogen
solutions was uniformly distributed on each YEP agar plates by autoclaved cotton swaps
and sterilized 5 mm diameter filter paper disks. Twenty five μl of prepared potential
antagonist inoculum was spotted on small filter disks, and plates were stored at room
temperature for 24 hours. After 24 h, the antagonistic effect of nodule-associated bacteria
was ranked by using a scale from 0 to 5 (0 means no effect, 5 means strong effect) by
comparing clear zones around antagonistic isolates. The experiments were conducted in
triplicate and repeated twice.
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Table 2. Summary of in vitro screening of 500 colonies against bacterial pathogens
Inhibition
zones

Ranking
Scores

Clavibacter
michiganensis
subsp.michiganensis

Pseudomonas
syringae pv
tomato

Xanthomonas
fragaria

0

446 isolates

_

_

1

3 isolates

6 isolates

5 isolates

2

3 isolates

15 isolates

12 isolates

3

11 isolates

14 isolates

12 isolates

4

26 isolates

17 isolates

13 isolates

5

11 isolates

11 isolates

12 isolates
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In vitro Antifungal Bioassay: Two important soil pathogens R. solani and S.
sclerotiorum were chosen as fungal pathogens. Fifty four nodule isolated bacteria
determined as antagonist to bacterial pathogen Clavibacter michiganensis subsp.
michiganensis in antibacterial bioassays previously conducted were tested against these
fungal pathogens. PDA (Potato Dextrose Agar) medium was prepared and autoclaved.
Fungal pathogens were grown on PDA medium for 7 days. Five mm diameter plugs were
picked from 7 days old PDA medium containing actively growing fungal pathogens from
the center of the PDA plates. Sterilized 5 mm diameter filter paper disks were placed
around these PDA plugs equidistantly. Twenty five μl of antagonists inoculums as
described previously were spotted on these filter disks and then PDA plates were stored
at room temperature for 4 days to take observations. The experiments were repeated two
times in triplicate.
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Table 3. Summary of in vitro screening of selected 54 colonies against fungal pathogens
Inhibition
zones

Ranking
Scores

Rhizoctonia solani

Sclerotinia
sclerotiorum

0

39 isolates

45 isolates

1

1 isolates

None

2

2 isolates

2 isolates

3

2 isolates

7 isolates

4

3 isolates

None

5

7 isolates

None

In vitro Screening of Metabolites
Extraction of Metabolites: Secondary metabolites were extracted from 15 noduleassociated bacteria used in planta tests against the bacterial pathogen C. michiganensis
subsp. michiganensis. Fresh cultures were grown on YEP agar plates for 24 hours at
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room temperature. Ten ml of 100 % ethanol were added to freshly grown plates and
incubated for 30 minutes at room temperature with gentle agitation every five minutes.
After 30 minutes, liquids were transferred into centrifuge tubes and centrifuged at 5000
rpm at 4 °C for 10 minutes. The supernatant was decanted into autoclaved glass Petri
plates. The plates were placed in a Nitrogen desiccator in cold room at 4 °C until the
liquid was completely evaporated. Once the liquid was totally removed, lyophilized
metabolites were dissolved in 1 ml autoclaved double distilled water and then transferred
into 2 ml Eppendorf tubes.
Preparation of Bacterial Pathogen Inoculum: One hundred fifty ml YEP broth
was put in 250 ml Erlenmeyer flasks and autoclaved. Autoclaved YEP broth was
inoculated with the plant pathogens C. michiganensis subsp. michiganensis and incubated
for 24 hours at 25 °C on a rotary shaker at 180 rpm. 150 ml autoclaved YEP broth
containing the antibiotic Kanamycin (50mg/ml) was inoculated with the GFP-tagged P.
syringae pv tomato and then incubated for 24 hours at 28 °C on a rotary shaker at 180
rpm. 50 ml of the overnight grown cultures were transferred into 50 ml Eppendorf tubes
for centrifugation. After centrifugation of the grown cultures at 5000 rpm at 10 °C for 10
minutes, the bacterial cell pellet was acquired at the bottom of the Eppendorf tubes. The
supernatant was discarded and cell concentration was adjusted to 1X 108 cfu ml-1 by the
dilution of the pellet with autoclaved YEP broth.
Preparation of Antagonist Inoculums: Ten ml autoclaved YEP broth was
transferred into 12 ml Eppendorf tubes and then incubated with fifteen nodule associatedbacteria selected for in planta test for 24 hours at 25 °C on a rotary shaker at 180 rpm.
The overnight grown cultures were centrifuged at 5000 rpm at 10 °C for 10 minutes. The
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supernatant was discarded and the bacterial cell pellet was obtained at the bottom of the
Eppendorf tubes. The pellet was diluted via autoclaved YEP broth to arrange cell
concentration of 1 X 108 cfu ml-1.
In vitro Metabolite Test: One ml prepared pathogen solutions were homogenously
streaked on each YEP agar plates by autoclaved cotton swaps and three sterilized 5 mm
diameter filter paper disks were placed on these YEP agar plates equidistantly. Twenty
five μl of prepared bacterial inoculums and 10 μl and 5 μl of metabolites isolated from
selected 15 isolates were spotted on filter disks, and plates were stored at room
temperature for 24 hours. Visual observations were taken after 24 hours.
In vivo Seedling Test
Preparation of Bacterial Pathogen Inoculum: 150 ml YEP broth was put in 250
ml Erlenmeyer flasks and autoclaved. 150 ml autoclaved YEP broth containing the
antibiotic Kanamycin (50mg/ml) was inoculated with the GFP-tagged P. syringae pv
tomato causing the disease tomato bacterial speck, and then incubated for 18 hours at 28
°C on a rotary shaker at 180 rpm. The overnight grown culture was transferred into 50 ml
Eppendorf tubes for centrifugation. After centrifugation of the grown cultures at 5000
rpm at 10 °C for 10 minutes, the bacterial cell pellet was acquired at the bottom of the
Eppendorf tubes. The supernatant was discarded, and cell concentration was adjusted to
1X 108 cfu ml-1 by the dilution of the pellet with autoclaved YEP broth. 100 ml of the
prepared bacterial solution was transferred into 250 ml beaker.
Preparation of Antagonist Inoculum: One hundred fifty ml YEP broth was put in
250 ml Erlenmeyer flasks and autoclaved. Autoclaved YEP broth was inoculated with the
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nodule-associated bacteria identified as Proteus spp. for 24 hours at 25 °C on a rotary
shaker at 180 rpm. The overnight grown culture was centrifuged at 5000 rpm at 10 °C for
10 minutes. The supernatant was discarded, and the bacterial cell pellet was obtained at
the bottom of the Eppendorf tubes. The pellet was diluted via autoclaved YEP broth to
arrange cell concentration of 1X 108 cfu ml-1. One hundred ml of the prepared bacterial
solution was transferred into a 250 ml beaker.
Preparation of Mixed Inoculum: The final cell concentration of pathogen and
antagonist was suspended twice and blended in 1:1 ratio to maintain the inoculum dose
stable during the experiment.
In vivo Seedling Test: Tomato seedlings (cv. Roma) were grown up to two true
leaf stage, which takes approximately 20 days after seed planting. The aerial parts of 20day old tomato seedlings were dipped in prepared pathogen inoculum, antagonist
inoculum, and mixed inoculum for two minutes. Control plants were inoculated with
regular YEP broth. The inoculated seedlings were incubated for five days in sealed gasket
boxes with the dimensions 22 1/2" L x 16" W x 12 3/4" H at 24°C under 16 h light: 8 h
dark photoperiod. Two seedlings were used for each repeat, and the treatments were
repeated two times in triplicate.
In Planta Test: To prepare infested soil, 500 ml YEP broth in 1 L Erlenmeyer
flask was inoculated with the pathogen C. michiganensis subsp. michiganensis(Cmm)
and incubated for 24 hours at 25°C on a rotary shaker at 200 rpm. The overnight grown
culture was centrifuged at 5000 rpm at 10 °C for 10 minutes. The supernatant was
discarded and cell concentration was adjusted to 2*108 cfu/ml (OD480= 4.3- 7) by the
dilution of the pellet with autoclaved YEP broth. A day before the transplantation, 50 ml
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of prepared pathogen inoculum and 300 ml autoclaved double distilled water were mixed
with 2.5 kg autoclaved soil and incubated at 25°C. To prepare biocontrol agent (BCA)
solutions, 500 ml YEP broth in 1 L Erlenmeyer flasks were individually inoculated with
the selected 15 nodule-associated bacteria coded as 115ic, 3, NT158, NT21, NT76ia,
138id, 113id, NT134ia, 108ia, NT88, 131id, NT76ie, 108ic, 125ib, 140ic and incubated
for 24 hours at 25°C on a rotary shaker at 200 rpm. The overnight grown cultures were
centrifuged at 5000 rpm at 10°C for 10 minutes. The supernatant was discarded and cell
concentration was adjusted to 1X108 cfu/ml (OD480 = 4.3- 7) by dilution of the pellet
with 0.9% saline water containing 2% gum arabic.
Tomato seedlings at the two true leaf stage (cv. Roma) were used for the
experiment, which took approximately 20 days after planting of seeds. For the treatment,
the root zone soil of 20-days old tomato seedlings was removed by washing off with
distilled water and then the roots were dipped in respective BCA solutions for ten
minutes. Treated tomato seedlings were transplanted in Cmm infested potting mix. For
the control groups, the roots of tomato seedlings were dipped in 0.9% saline water
containing 2% Gum arabic and then they were transplanted into the sterile potting mix
and in Cmm infested potting mix. In addition, the roots of tomato seedlings were dipped
in the respective BCA solutions for five minutes and transplanted into the pasteurized
potting mix to determine their growth promotion potential on tomato plants. Five
seedlings were used for each treatment and the entire experiment was repeated three
times. Following transplantation, the seedling of specific treatments and BCA control
were drenched with 5 ml of the respective BCA solutions.
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The plantlets were afterwards incubated for ten days in sealed gasket plastic boxes
with the dimensions of 22 1/2" L x 16" W x 12 3/4" H at 24°C under 16 h light: 8 h dark
photoperiod with high humidity (over 90% RH) and then grown in greenhouse for 20
days under 16 h light: 8 h dark photoperiod with day and night temperatures of 25°C and
20°C respectively. The tomato plants were watered as needed without any fertilizers.
Statistical Analysis: Software R 3.3 was used to analyze differences among
treatment means by using package agricolae. Fisher’s least significant difference test
(LSD) were used for pairwise comparisons using statistical probability P≤ 0.05.
RESULTS
Isolation and Culture of Soybean Nodule Bacteria
In general, the soybean roots were found to contain small, medium and large
nodules that were mostly grey or pink colored. For this study, medium sized pink nodules
were selected.

Medium size pink nodules

Large size grey nodules

Figure 1. Selection of Rhizobium nodules from soybean roots

Plating 100 µl aliquots form the 1 ml produced too many colonies on the YEP plates.
Several dilutions were tested for colony numbers on solid YEP plates. A dilution factor
of 10-3 consistently produced well-separated colonies and was used for picking up
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colonies from the YEP plates. In the preliminary experiments extracts from 2-5 nodules
were combined and then diluted for plating. As the number of colonies was very high, it
was decided to use a single nodule for each bacterial extraction. From each nodule a total
of 50 colonies were selected. A colony population of 500 was generated from 10 soybean
nodules. Each individual colony was further grown on a plate for single colony
purification. Hence, a pool of 500 pure colonies was generated from 10 soybean nodules.
This pool was subsequently used for all other studies. The pool was also stored in
glycerol stocks at -80C.
Colony morphology and appearance: Bacterial colonies that appeared at the end
of three-day incubation were collected. These colonies showed many different
morphologies, from flat to raised colonies. Some colonies were circular while others had
irregular boundaries. Although we collected colonies early, new colonies continued to
appear after 2 days.
Identification of Bacterial Isolates
A “direct smear” approach on two spots was used to analyze soybean nodule
bacteria by MALDI-TOF MS and compared to the commercial database. Some isolates
were confirmed to species level IDs (greater than or equal to 2.0), while others were
confirmed only to the genus level.
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Table 4. Bacterial identification based on MALDI TOF Mass Spectrometry
Sample ID
108 IA
113 ID
115 IC
134 IA
138 ID
NT 21
NT 76 IA
108 IC
140 IC
NT 76 IE
125 IB
3
NT 158
131 ID
NT 88

Specimen
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bcaterial isolate
Bacterial isolate

MALDI TOF MS
Pseudomonas chlororaphis
Pseudomonas cepacia
Pseudomonas chlororaphis
Pseudomonas putida
Pseudomonas stutzeri
Enterobacter cloacae
Pseudomonas acidovorans
Pseudomonas chlororaphis
Pseudomonas fluorescens
Pseudomonas brassicacearum
Acinetobacter calcoaceticus
Proteus hauseri
Enterobacter cloacae
Pseudomonas putida group
Ochrobactrum species

Score
1.91
1.97
1.93
2.32
1.96
2.33
2.36
2.12
1.93
1.89
1.84
1.96
2.40
1.98
1.97

While MALDI-TOF MS provides a simple and cost effective tool to rapidly
identify unknown bacterial cultures, distinction beyond the species level was not possible
for the species evaluated in this study. As the success of this method is dependent on the
availability of large robust data sets, future capability of MALDI-TOF MS is likely to
improve with additions of plant-associated bacteria to the existing databases.
Further confirmation of bacterial identity was obtained by 16S rRNA gene
amplification and sequencing. The primer pair used amplified all variable regions of the
16S rRNA gene that allowed better comparison and matching with databases, several
bacterial isolates showed matches below 95%. Hence, species of a few isolates could not
be confirmed.
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Table 5. Bacterial identification based on 16S rRNA gene sequencing
Sample ID
108 IA
113 ID
115 IC
134 IA
138 ID
NT 21
NT 76 IA
108 IC
140 IC
NT 76 IE
125 IB
3
NT 158
131 ID
NT 88

Specimen
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate
Bacterial isolate

16S
Pseudomonas chlororaphis
Burkholderia cepacia
Pseudomonas chlororaphis
Pseudomonas putida
Pseudomonas stutzeri
Enterobacter cloacae
Pseudomonas acidovorans
Pseudomonas chlororaphis
Pseudomonas fluorescens
Pantoea agglomerans
Acinetobacter calcoaceticus
Proteus mirabilis
Enterobacter cloacae
Pseudomonas species
Ochrobactrum anthropi

Close Match
NBAT01000000
CP011301
NBAT01000000
AP013070
CP003071
EU733519
CP00884
NBAT01000000
CP005975
NHAS01000000
AB859067
CO5028
KJ668861
??
AB778290

Single Nodule Microbiome
Total DNA extract from a single nodule was subjected to PCR amplification with
16S primers 27F and 1479R. Sequencing of amplified fragments revealed the presence
of both Rhizobial and non-Rhizobial bacterial species. Vast majority (88%) of the
amplified sequences belonged to the various species of Rhizobium. However, many other
species were also identified as nodule inhabitant endophytes. Pseudomonas species
representing 8% dominated the non-rhizobial group. Seven other genera were also
detected in the soybean nodule. The table below lists various bacterial species found in a
single soybean bacterial nodule.
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Table 6. Non-rhizobial bacterial genera found in soybean nodule
Agrobacterium spp. (Alphaproteobacteria, Rhizobiaceae)
Orchbacterm spp. (Alphaproteobacteria, Rhizobiales)
Burkholderia spp. (Betaproteobacteria, Burkholderiaceae)
Pseudomonas spp. (Gammaproteobacteria, Pseudomonadaceae)
Proteus spp. (Gammaproteobacteria, Enterobacteriaceae)
Enterobacter spp. (Gammaproteobacteria, Enterobacteriaceae)
Pantoea spp. (Gammaproteobacteria, Enterobacteriaceae)
Acinatobacter spp. (Gammaproteobacteria, Pseudomonadales, Moraxellaceae)

In vitro Antibacterial Bioassay
All of 500 colonies isolated from 10 different soybean nodules were screened in
vitro against an important bacterial plant pathogen Cmm. Of the 500 isolates, 54 isolates
showed inhibition zones on plate assays ranked in scales from 1 to 5. Among the 54
isolates, 11 isolates coded as 125ia, 125ib, 108ia, 108ic, 115ic, 138id, 138ia, NT76ie,
NT76ia, 113id and 3 showed the maximum inhibition zone ranked with scale 5 while 26
of them have shown a little smaller inhibition zone ranked with 4 (Figure 1). For the rest
of the antagonist colonies, the inhibition zone was scaled as 3 for 11 of them while the
clear zone of three isolates was ranked as two. The last three colonies had the narrowest
clear zone ranked with one around them. The selected 54 isolates were also used in
subsequent antagonistic tests against the bacterial pathogen Pst. They all displayed in
vitro antagonistic effect to bacterial pathogen Pst albeit in different degrees. Interestingly,
11 isolates which had the strongest antibacterial activities towards Cmm showed similar
antagonistic behavior against Pst as well.
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Figure 2. Antibacterial activity of a few selected nodule endophytes against a lawn of
Clavibacter michiganensis subsp. michiganensis on solid plates.

Figure 3. Antibacterial activity of a few selected nodule endophytes against a lawn of
Pseudomonas syringae pv tomato on solid plates.

43

In vitro Antifungal Bioassay
The selected 54 isolates from in vitro antibacterial bioassays were also screened in
vitro for their potential antagonistic activities against two common plant fungal
pathogens Rhizoctonia solani and Sclerotinia sclerotiorum. Among the 54 isolates, 9
isolates exhibited growth inhibitory activities against R. solani. Especially the isolate
NT62 showed a powerful growth inhibitory effect with a clear inhibition zone even after
7 days incubation at room temperature (Figure 3). On the other hand, only five isolates,
out of selected 54 isolates, showed inhibitory effect towards S. sclerotiorum. However,
these five isolates were found to have weak antifungal effect towards the fungal pathogen
S. sclerotiorum (Figure 4).

Figure 4. In vitro growth inhibitory activity of representative nodule endophytes against
Rhizoctonia solani.
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Figure 5. In vitro growth inhibitory activity of representative nodule endophytes against
Sclerotinia sclerotiorum.
In vitro Metabolite Test
Of the metabolites purified from selected fifteen nodule-associated bacteria for in planta
test, seven of them extracted from the isolates called 115ic, 134ia, 3, NT76ie, NT158, 125ib,
131id had inhibitory activities against a lawn of Cmm with substantial clear zone around the

site where they were spotted on YEP agar plates (Figure 6). While the maximum
inhibition zone was observed from the application of the metabolite extracted from the
nodule-associated bacteria coded as 3 which was identified as Proteus spp., the
metabolite extracted from the nodule-associated bacteria named as 131id showed the
minimum inhibition zone within the seven samples (Figure 6). Other five samples
exhibited similar inhibition zone expansion which was slightly narrower than the
metabolite of the nodule-associated bacteria identified as Proteus spp. showed against
Cmm (Figure 6). These fifteen metabolites were also used in a subsequent test against
GFP-tagged Pst. Although zones of inhibition were displayed by same metabolites that
had an inhibitory effect towards the bacterial pathogen Cmm, their effectiveness was
relatively low (almost 50%) except for the metabolite obtained from Proteus spp. (Figure
6). Interestingly, the metabolite solution of Proteus spp. showed similar inhibition against
Cmm.
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Figure 6. Antagonistic effects of metabolites extracted from a few selected nodule
endophytes against Clavibacter michiganensis subsp. michiganensis on solid plates.

3
5μl

125ib
10μl

10μl

10μl

5μl

5μl

10μl

134ia

115ic

131id

5μl

5μl

NT158

10μl

5μl

10μl

Figure 7. Antagonistic effect of metabolites extracted from a few selected nodule
endophytes against GFP-tagged Pseudomonas syringae pv tomato on solid plates.
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In vivo Seedling Test
Tomato plants exposed to GFP-tagged Pst culture suspension alone displayed
extensive chlorosis and severe necrotic symptoms in foliar parts of tomato plants after
five days, which is the typical characteristics symptom of bacterial speck disease.
However, there was a significant decrease in the chlorotic area on the leaves as well as
the incidence of bacterial speck lesions when the tomato seedlings were inoculated with
the mixed culture including pathogen GFP-tagged Pst and nodule-associated bacteria
Proteus spp. The inoculation of tomato seedlings with mixed culture considerably
reduced both disease severity and incidence in comparison to inoculation with the
pathogen alone.
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A

B

C

Figure 8. The comparison of disease severity in tomato plants. A) Symptom development
in tomato plants inoculated with GFP-tagged Pseudomonas syringae pv tomato alone. B)
Symptom development in tomato plants inoculated with mixed culture. C) Tomato plants
inoculated with nodule-associated bacteria Proteus spp.
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A

B

Figure 9. Effects of selected endophytes on bacterial speck disease in tomato leaves. A)
The incidence of bacterial speck disease in tomato leaves inoculated with GFP-tagged
Pseudomonas syringae pv tomato alone. B) The incidence of bacterial speck disease in
tomato leaves inoculated with mixed culture.

In Planta Test
The selected 15 nodule-associated bacteria coded as 115ic, 3, NT158, NT21,
NT76ia, 138id, 113id, NT134ia, 108ia, NT88, 131id, NT76ie, 108ic, 125ib, 140ic were
screened for their in vivo antagonistic potential against Cmm causing bacterial canker of
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tomato in the greenhouse on tomato plants. Shoot height was found significantly greater
in seven isolates, named as 115ic, 138id, 113id, NT134ia, NT88, NT76ie, and 125ib,
among the tested fifteen isolates in comparison to shoot height of control plant (Table 7).
The maximum shoot height was observed in the isolate NT134ia identified as
Pseudomonas putida with 23.8 inches following by the isolates 125ib, 113id and NT88
with 22.4, 22.4 and 22.3 inches respectively (Table 7). While seven isolates showed a
significant increase in shoot height, only three isolates coded as 125ib, 115ic and 134ia
exhibited a significant increase in shoot biomass with 72.9 g, 77.6 g and 78 g
respectively, compared to shoot biomass of control plants with 58.2g (Table 7).

A

C

B

D

Figure 10. Effects of selected endophytes on tomato plants grown in Clavibacter
michiganensis subsp. michiganensis infested potting mix, A) untreated control plants.
B) Treated with the isolate 115ic. C) Treated with the isolate 134ia. D) Treated with the
isolate 125ib.
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B

A

D

C

E

Figure 11. Effects of selected endophytes on tomato plants grown in the pasteurized
potting mix, A) untreated control plants. B) Treated with the isolate 140ic. C) Treated
with the isolate 108ia. D) Treated with the isolate NT88. E) Treated with the isolate
134ia.
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Table 7. Evaluation of the fifteen nodule-associated bacteria for their antagonistic
potential against Clavibacter michiganensis subsp. michiganensis in tomato plants under
greenhouse conditions.

Treatments

Shoot Height(cm)

Shoot Biomass(gr)

Control
115ic
3
NT158
NT21
NT76ia
138id
113id
NT134ia
108ia
NT88
131id
NT76ie
108ic
125ib
140ic

50±8.8
55.4±7.9 *
54.1±5.1
53.8±11.8
52.5±7.8
52.1±12.3
55.4±12.4 *
56.9±9
**
60.5±5.4 ***
53.8±7.8
56.6±9
**
53.1±6.7
56.1±4.5 *
51.1±4.9
56.9±8.7 **
52.6±8.7

58.2±17.2
77.6±29.3 **
67.1±37.2
71.3±30.4
72.3±29.6
61.1±25.8
64.7±29.6
59.1±23.8
78.0±19.7 **
58.0±22.1
59.1±21.9
66.8±20.4
61.4±23.7
57.9±22.7
72.9±14.5 *
58.5±23.1

* Statistically significant at 0.05 (P values)
** Statistically significant at 0.01 (P values)
*** Statistically significant at 0.001 (P values)

The selected 15 isolates were additionally evaluated for their growth promotion
potential in tomato plants in the greenhouse. Tomato plants treated with the isolates
NT134ia, 108ia and NT88 had considerably higher shoot heights with 27.2 inches, 26.6
inches, and 26.3 inches, respectively, compared with the control plant with 23.7 inches
(Table 8). Also, tomato plants treated with these three isolates performed a significant
enhancement in shoot biomass with 90.9 g, 89.5g and 95.3 g in comparison to control
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plants with 76.1 g (Table 8). Interestingly, while the isolates 131id and 140ic
significantly increased the shoot biomass, they did not provide any promotion on shoot
height (Table 8).

Table 8. Evaluation of the fifteen nodule-associated bacteria for their growth promotion
potential in tomato plants under greenhouse conditions

Treatments

Shoot Height(cm)

Shoot Biomass(gr)

Control
115ic
3
NT158
NT21
NT76ia
138id
113id
NT134ia
108ia
NT88
131id
NT76ie
108ic
125ib
140ic

60.2±5.7
59.7±11.1
55.1±11.2
58.7±13.8
55.6±9.2
59.4±9.9
64.3±4.3
61.7±5.5
69.1±7.9 ***
67.6±4.8 **
66.8±3.3 *
59.4±9.2
59.7±6.1
60.5±8.4
59.2±9.7
60.2±11.1

76.1±20.4
81.1±22.2
70.7±19.7
69.3±16.5
74.6±22.7
69.2±24.4
85.1±18.8
84.0±20.8
90.9±17.2 *
89.5±13.2 *
95.3±12.2 **
88.5±29.2 *
78.8±24.5
79.6±19.5
77.5±17.8
89.5±26.7 *

* Statistically significant at 0.05 (P values)
** Statistically significant at 0.01 (P values)
*** Statistically significant at 0.001 (P values)
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DISCUSSION
Root nodule is a unique habitat established in the roots of leguminous plants via a
highly specific symbiosis among legumes and nodule inducing bacteria. In the past it was
believed that Rhizobia were the only group of bacteria inhabiting within the root nodules
of legume. However, this view has currently changed with the isolation and identification
of the endophytes belonging to other bacterial genera in addition to the genera Rhizobia
from the various legume root nodules. These bacteria are now called nodule endophytes,
non-rhizobia endophytes or nodule-associated bacteria. Although the nodule-associated
non-rhizobia bacteria have been detected within the legume nodules, their role or
potential benefits are still buried under the soil. By understanding and exploiting their
potential benefits, they may be incorporated into the crop production and protection
systems, which may provide new opportunities to enhance agricultural production
through their capability of plant growth promotion and biological control of plant
diseases. In this study, nodule-associated bacteria from soybean nodules were isolated
and identified. Their antagonistic activities were examined in vitro against some
economically important plant pathogenic fungi and bacteria. Additionally, the selected
nodule endophytes were evaluated for their effectiveness for disease control and plant
growth promotion in tomato plants.
For this study, medium sized pink nodules were collected from the roots of
soybean plants that were at the R3-R4 growth stage. A single nodule was used for each
bacterial extraction since a vast number of colonies were picked up when the extracts
from 2-5 nodules were combined. A colony population of 500 was created from 10
soybean nodules with the selection of 50 colonies from each nodule. This isolation
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frequency indicated that the nodule-associated bacteria are widely present in the nodules
of soybean plants grown in the University of Nebraska’s experimental field near the Dead
Man’s Run River. Similar observation was made by Li et al., (2008), they were able to
isolate 98 nodule endophytes from 150 soybean nodules.
Initial screening involved testing of all 500 colonies against three bacterial and
two fungal pathogens in vitro on solid plates. These screenings were used to select 15
colonies for subsequent studies. These colonies were used for identification by. MALDITOF mass spectrometry and 16S ribosomal RNA gene sequencing. In the past, the
species belonging to bacterial genus Bacillus was reported as the most prevalent nonrhizobial inhabitants in legume nodules (Martínez-Hidalgo and Hirsch, 2017). However,
in the current study, among the selected 15 colonies most of the nodule endophytes
belonged to the Pseudomonas genus, which were previously identified in different
legume nodules but less than genus Bacillus (de Meyer et al., 2015). Interestingly, none
of the identified nodule endophytes among the 15 isolates is in the bacterial genus
Bacillus. Nodule microbiome was also screened for the determination of the microbiome
composition based on 16S ribosomal RNA gene sequencing in nodules of soybean grown
in the University of Nebraska’s experimental field by the Dead Man’s Run River.
Detection of microbiome from a single soybean nodule revealed that 88% of the nodule
bacterial community is Rhizobia related species. However, Pseudomonas was the
dominant bacterial group within the nodule endophytes with around 8% of the
population. While Rhizobia were determined as the majority bacterial group within
several legume nodules with the approximately 84%, the rest of the non-rhizobial nodule
bacterial community was mainly dominated by the species of the genus Bacillus
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following by the genus Pseudomonas (de Meyer et al., 2015). In the present study, The
production of metabolites such as antibiotics, lytic enzymes, and volatile compounds is
one of the most important mechanisms associated with the biocontrol potential of an
antagonist against plant pathogenic bacteria and fungi (Pathma et al., 2011). In this study,
metabolites extracted from seven nodule endophytes out of fifteen isolates showed an
inhibitory effect against the plant pathogens Clavibacter michiganensis subsp.
michiganensis(Cmm) and GFP-tagged Pseudomonas syringae pv tomato (Pst) as
determined by the formation of inhibition zones on the plates. The metabolite extracted
from the isolate 3 identified as Proteus spp. had the widest inhibition zone on plates
against both the pathogens. However, although the nodule endophyte Proteus spp.
successfully decreased the disease incidence and severity of the GFP-tagged Pst in
tomato seedlings when mixed culture containing pathogen and antagonist inoculums was
applied, this nodule endophyte was not able to show a successful suppression effect
towards Cmm in planta experiment in the greenhouse on tomato plants. In addition, only
three nodule endophytes 125ib, 115ic and 134ia out of the seven isolates that produce
metabolites displaying in vitro inhibitory activities towards both of the bacterial
pathogens had a significant disease suppression performance against Cmm in the
greenhouse experiments. This results demonstrated that disease suppression may not be
associated with the metabolite production under the conditions of this experiment.
Although in vitro antimicrobial assay have been commonly used for the
determination of biocontrol potential, it has been demonstrated that there is a poor
correlation between in vitro antimicrobial activity and in vivo disease suppression (Inamul-Haq et al., 2003). Similarly, in our work, just two of the nine isolates showing the
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strongest antimicrobial activity in vitro exhibited effective disease suppression in planta
tests. On the other hand, in vitro antibiosis screening provide a practical preliminary
selection method to test a large number of samples in a short time (Williams & Asher,
1996). In the present study, the inhibitory effect of 500 colonies isolated from soybean
nodules was tested in vitro against first Cmm and then selected antagonistic isolates were
further screened against the bacterial pathogen Pst and two fungal pathogens. Of the 500
isolates, 54 of them (11%) showed in vitro antibacterial activity to Cmm in different
scales. Only 11 isolates among the selected 54 isolates had a strong antibacterial effect on
both of the bacterial pathogens. Intriguingly, the isolate 3 identified as Proteus spp. had a
different type of lysis comparing to other 53 isolates displaying a clear inhibition zone
around them against the both of the bacterial pathogens. Concerning the in vitro
antifungal activity, the number of the isolates displaying antifungal effect was less than
10% of the selected 54 isolates.
In planta assay, of the tested 15 nodule endophytes, the isolates 115ic, 125ib, and
134ia identified as Pseudomonas chlororaphis, Acinetobacter calcoaceticus and
Pseudomonas putida respectively had efficient disease suppression performance with the
increase in both shoot height and shoot weight of treated plants compared to untreated
control plants grown in Cmm infested soil. The strains of P. chlororaphis were reported
in previous studies as a potential biocontrol of the tomato foot and root rot caused by
Fusarium oxysporum and stem rot of canola caused by S. sclerotiorum with the
production of metabolites preventing mycelial growth and inducing the plant defense
system (Selin et al., 2010). In addition to these biocontrol activities, P. chlororaphis
108ia functioned as plant growth promoter in the present study. Acinetobacter
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calcoaceticus was reported as potential plant growth promoter (Zhao et al., 2014) and
inhibitor of fungal development (Maindad et al., 2014) in previous works. In addition to
these, we showed its potential to control the bacterial disease as well. However, it did not
exhibit significant growth promotion on tomato plants in the current experiment. The
potential of Pseudomonas putida strains for plant growth promotion in several crops and
biological control of both fungal and bacterial diseases by different mechanisms like
induced systemic resistance has been demonstrated in many studies. Similarly, the isolate
identified as P. putida exhibited both growth promotion and disease suppression in this
study. Additionally, the isolate NT88 was identified in genus level as Pseudomonas spp.,
which increased the shoot weight and height of treated tomato plants compared to
untreated control plants grown in clean soil.
In conclusion, soybean nodules harbor a large number of nodule endophytes from
various genera in addition to traditional residents Rhizobia. These nodule endophytes
have a great potential for plant health management as well as growth promotion. Further
studies are necessary to find out their potential.In addition, MALDI-TOF MS may
provide an economic assay for identification of unknown bacteria, particularly with the
ongoing improvement in the availability of plant-associated bacterial databases.
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